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SUMMARY 

The kinetics of proton release in chloroplast suspensions by  acid-base transition 
were studied by  means of a stopped-flow spectrophotometer. The time courses of 
pH change show two-phase kinetics, fast and slow. The fast phase suggests the rapid 
release of protons from the thylakoid membranes,  and the slow phase the efflux 
through the membranes of organic acid (and/or protons) previously absorbed from 
the initial acid medium. 

INTRODUCTION 

Subjecting broken chloroplast fragments first to acid, then to base, is known 
to cause a transient high-energy state which results in ATP formation 1. I t  was 
suggested that  energy in this experiment was supplied by  the electrochemical 
act ivi ty gradient of protons across the thylakoid membranes 2. An organic acid having 
entered the grana vesicles in the initial acid stage of the experiment serves as a proton 
reservoir in the base stage3, 4. 

In a previous paper 5, the kinetics of efflux of acidity from chloroplasts (protons, 
succinic acid, or both) by the acid-base transition were studied by means of a stopped- 
flow apparatus containing a glass pH electrode. Immediately after mixing the pH 
values observed were as much as 0.6 unit more alkaline than the final equilibrium pH, 
then dropped to the equilibrium value over a period of several seconds. Time courses 
to the equilibrium pH showed apparent first-order kinetics with two components 
(the first and the second phases). However, the pH tracing at low temperature 
( ~  io°C) showed a transient alkaline trend during the first fraction of a second 
before the first phase (Figs 2, 3 in ref. 5)- Phenomena of this sort seemed to be due 
to a slow glass electrode system failing to respond to faster changes in actual pH. 

In this report more rapid and precise time courses in pH changes were followed 
by using a stopped-flow spectrophotometer with bromocresol purple, which has been 
shown not to be bound to membranes, as a pH indicatoI*, ~ of the chloroplast sus- 
pensions. 

Abbrevaation: DCMU, 3-(3,4-dichlorophenyl)-I,i-dimethylurea. 
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METHODS 

Chloroplasts were isolated from market  spinach as described previously s, and 
finally resuspended at about o.4 mg of chloroph)ll per ml in io mM NaC1. o.2 ml 
of this suspension was mixed with o.2 ml of a solution at pH 4.o containing 25 mM 
succinic acid and 75 #M 3-(3,4-dichlorophenyl)-I,I-dimethylurea (DCMU) in a 
reservoir of the stopped-flow apparatus maintained at a constant temperature of 
3.5°C. The acidified chloroplasts were incubated for 15-2o s, o.25 ml of which were 
then rapidly picked up into one of the two syringes in the apparatus. The other 
syringe contained an equal volume of 3o/~M bromocresol purple and NaOH solution 
sufficient to neutralize the succinic acid to bring tile final pH to about 8.i-~8. 4. 
Variations of the reaction mixture components are indicated in the figures. 

The stopped-flow spectrophotometer SPS-I (Yanagimoto Mgf. Co.) was used 
for rapid mixing and the changes in the absorbance of bromocresol purple at 594 nm 
after the mixing were recorded using the memoriscope MS-5oI 9 A (Iwasaki Tsushinki 
Co.). The two syringes were driven by compressed N 2 at I -2  kg/cm 2 for mixing, 
and the dead time, i.e. the time from the beginning of mixing to first entering the 
light path  of the measuring cell for spectrophotometry, was under 2 ms, usually 
1-1.2 ms. The temperature was controlled at 3.5 °C, unless otherwise mentioned. 

The pH changes of the chloroplast suspension were calculated from the absor- 
bance-pH curves of bromocresol purple at 594 nm ; absorbance changes of more than 
o.o2 could be detected per o.I pH unit at the pH used. Further, the changes in H ÷ 
concentration (AH +, /zequiv/ml) were calculated from the pH values according to 
direct titrations of the buffer capacities of the chloroplast suspensions with acid and 
with NaOH at each time of the experiments. 

RESULTS AND DISCUSSION 

Fig. I shows the results of an experiment in which one syringe contained 
12.5 mM succinate at pH 4.o with chloroplasts (o.2 mg chlorophyll/ml), and the other 
contained bromocresol purple and NaOH so that  the final pH after mixing the 
contents of the two syringes was 8. 4. Contrary to the previous results using a glass 
electrode 5, the tracing shows a sharp increase in H + concentration in the suspension 
immediately after mixing, followed by  a slow increase as a function of time until an 
equilibrium was attained in about ~o s. 

In Fig. 2, faster recordings of the same experiment as in Fig. I, either with 
or without chloroplasts, are shown in order to observe the initial stage of the AH + 
after mixing. When no chloroplasts were present, there was no change in H + con- 
centration, indicating efficient mixing within the time resolution of the apparatus 
(Curve C in Fig. 2). When chloroplasts were present, however, the tracing shows a 
clear two-phase time course consisting of a fast and a slow phase (Curve B in Fig. 2). 
One interpretation of the slow phase (the first phase in ref. 5, and see below) already 
presented is that  the succinic acid (and/or protons), having entered the grana vesicles 
through the thylakoid at the initial acid stage, leaked out of the thylakoid by dif- 
fusion after mixing with base 5. This interpretation is also supported clearly in the 
present experiment by the fact that  twice the amount of H + was released with twice 
the concentration of chloroplasts (Curves A and A x 1/2 in Fig. 2). And the finding 
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Fig. i. Release of p ro tons  af ter  n11xmg. The  H + curve  is reproduced  f rom the  oscil lograph t rac ing  
of p H  change  (see text ) .  Ini t ia l  ch loroplas t s  a t  p H  4.0 wi th  12.5 m M  succmnic acid and  38 # M  
DCMU The  base solut ion con ta ined  3 ° #M  bromocresol  purple  and  sufficient N a O H  to neutra l ize  
t he  succimc acid to br ing t he  final p H  to 8. 4. Chlorophyl l  concen t ra t ion  was o. i  m g / m l  af ter  
mixing.  

Fig. 2. F a s t  record ing  of t he  release of p ro t ons  as in Fig. i a t  two different  chlorophyl l  concen-  
t r a t ions  (A, o.2 m g  chlorophyl l /ml ;  B, o . i  m g  chlorophyl l /ml)  and  w i thou t  (C) chloroplasts .  
Chlorophyl l  concen t ra t ions  m d m a t e d  were those  af ter  mixing.  

that  the fast phase also increased 2-fold in Fig. 2 indicates that  the fast phase of 
H + leakage with t ime is entirely due to the thylakoid membranes. 

The H + curves with a clear distinction between the fast phase and the slow 
phase were sometimes observed as shown in Fig. 3. Addition of 5 mM NH4C1 , an 
uncoupler of phosphorylation, at the acid stage caused a marked acceleration of 
proton efftux during the slow kinetic phase. Scarcely any change of the time course 
of the fast phase could be observed. Thus, the kinetic curves seem to represent a 
proton-releasing system of chloroplasts with two compartments in series 9, separated 
by two different barriers. 

From the above experiments the simplest interpretation for the two-phase 
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Fig. 3. Release of p ro tons  wlth and  w i t hou t  NH,C1. Curve A, as for Fig. 2, b u t  no te  t he  clear 
s epa ra t ion  be tween  t h e  fas t  and  t he  slow phases ;  Curve  ]3, wi th  5 m M  NH4C1 a t  t h e  acid stage.  
Chlorophyll  concen t ra t ion  was o. i  m g / m l  a f te r  mixing.  Ini t ia l  p H  4.o, final p H  8. 4. 

Fig  4 • D lag rama t l c  r ep resen ta t ion  of p ro ton  release, p lo t ted  aga ins t  t ime.  (A) Posmble sequence  
of p ro ton  release f rom thy l ako id  vesicle. (13) T he  fas t  and  t he  slow phases  s t a r t  s i m u l t a n e o u s l y  
af ter  mixing .  (C) The  slow phase  s t a r t s  s l igh t ly  l a te r  t h a n  t he  fas t  phase ,  i, t h y l a k m d  m e m b r a n e ;  
2, inside of thy lako id  envelope;  F, fas t  phase ;  S, slow phase ;  T, to ta l  t~me coarse 
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kinetics is that  the H + curves consist of two kinds of independent proton-releasing 
processes as shown diagramatically in Fig. 4- When the release of protons in the 
slow phase starts slightly later than in the fast phase, a distinct separation of the 
two phases could occur as in Fig. 4C (cf. Fig. 3). 

Both the fast and the slow phases followed apparent  first-order kinetics when 
plotted on a semi-logarithmic scale. Rate constants thus obtained under different 
temperatures and with and without NH4C1 are summarized in Table I. Practically 
no changes in the rate constants of the fast phase were observed, wheras those of the 
slow phase changed markedly under these conditions. 

T A B L E  I 

APPARENT FIRST-ORDER RATE CONSTANTS FOR THE TWO KINETIC PHASES 

E x p e r i m e n t a l  p r o c e d u r e s  a r e  t h e  s a m e  as  in  F i g .  i .  C o n c e n t r a t i o n  of  N H a C 1  w a s  a t  t h e  a c i d  s t a g e .  

Expt Treatment Rate constant (s -1) 

Fast phase Slow phase 

3.5 °C 35 0 .43  
2o°C  37 1.o7 

N o n e  (3 .5°C)  i 8  0 .56  
5 m M  N H 4 C 1  ( 3 . 5 ° C ) I 7  1 .57 

Insensitivity of the fast phase to temperature and NH~C1, together with its 
rapid rate (half-life of about 2o-4o ms), suggests the dissociation of protons, which 
had previously entered and/or associated at the acid stage, from the thylakoid 
membrane itself (Compartment I in Fig. 4A), due to the sudden increase of environ- 
mental  pH. This is further supported by the facts that  (a) when the concentration of 
succinic acid at the acid stage was increased, the time course of the fast phase was 
not as strongly affected as that  of the slow phase, and (b) the fast phase was also 
observed when the pH of the acid stage was adjusted to pH 4.o with HCI, not with 
succinic acid. 

Considering the size of the rate constants and their change by temperature and 
NH4C1 in Table I, the slow phase in this experiment corresponds to the first phase 
in the previous paper 5. The fact that  the slow phase was followed by an additional, 
slower phase (corresponds to the second phase in ref. 5), at higher temperature and 
with NH4C1 (not shown in Table I) also indicates the similarity. As described above, 
increased concentrations of succinic acid at the acid stage preferentially increased 
the d H ÷ of the slow phase after mixing with base solution. Hence, it is concluded that  
the slow phase of the H + curve is due to the efflux of the succinic acid (and/or protons), 
which has entered the inside (Compartment 2 in Fig. 4A) of the thylakoid vesicles 
through the membranes by the acid-base transition. The relation of these two phases 
to the phosphorylation by acid-base transition remains to be established. 
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